Introduction
The presence of a long-lived resting stage (cyst) is a common feature in the case of many planktonic organisms, different algae groups among them (e.g. chrysophytes, diatoms, dinoflagellates and green algae). The economic role of certain types of cysts is unquestionable, since the production of several valuable biomolecules is connected to the resting stages of different algae [1, 2] . Astaxanthin, the red ketocarotenoid is one of the highvalue microalgal products of the future, mainly because it has higher antioxidant activity than most of the known hydrophobic antioxidants [3] . This pigment has important applications in food and foraging industry, in cosmetics and even in pharmaceutical industry [4] . Although astaxanthin is produced by several organisms (bacteria, yeasts, microalgae, plants; [4] ), astaxanthin accumulation of the unicellular freshwater microalga Haematococcus pluvialis exceeds any other known sources [5] .
The life cycle of H. pluvialis is comprehensively reviewed by Shah et al. [4] . Briefly, the flagellated fast-dividing vegetative cells start losing flagella and expand their cell size under unfavorable environmental or culture conditions, developing into non-motile spherical palmella stage and becoming resting cells [4, 6] . Palmella transform into non-dividing aplanospores (cysts) under continued environmental stress (i.e., nutrient deprivation, high light irradiance, high salinity), which accumulate astaxanthin [4] . Some strains are capable to accumulate astaxanthin in the flagellated vegetative stage (without cyst formation; [7] ).
Although the exact role of astaxanthin in the defense process of the producer cells is strongly contentious until now, the fact that astaxanthin accumulation excessively increases cell tolerance to adverse environmental conditions is generally accepted [8] [9] [10] . One main role of astaxanthin is thought to be a sunscreen: absorbtion of excessive light and shielding the vulnerable cell structures from photo-oxidative damage [11] [12] [13] [14] . Astaxanthin containing lipid droplets in the cytoplasm are also suggested as protectors of the nucleus and the chloroplast from reactive oxygen species (oxidative stress; [8, 15] ), although results of physiological studies suggest that protection of the cell from reactive oxygen species is mainly performed by the "classic" antioxidant enzymes (catalase, peroxidase and superoxide dismutase); at least at the initial phase of stress-induced astaxanthin accumulation [16] . It is expected, that antioxidative role of astaxanthin could be significant in the lipid droplets, where astaxanthin protects unsaturated fatty acids from oxidation [17] . It is also suggested, that astaxanthin synthesis itself serves as protection system against reactive oxygen species, since the transformation of β-carotene to astaxanthin consumes oxygen and the biosynthesis of astaxanthin and fatty acids (astaxanthin esthers) provides a potent sink for the photosynthetic products that cannot be utilized for cell growth and division under stress conditions [17] .
Generally, cyst formation and secondary metabolite accumulation -as it is already discussed above -occurs in microalgal cells under adverse conditions, when cell division and photosynthesis are slowed down (e.g., under excessive irradiance, nutrient deficiency, extreme temperatures, salinity, and their combinations; [8, 14] . There are many data in the literature, how high light intensity or UV-irradiance [18, 19] , nitrate limitation [20, 21] , or increase of pH [22] induce cyst formation and astaxanthin accumulation. Effects of small organic compounds on these processes also were investigated: addition of organic carbon sources such as acetate or sugars acts as inducer of astaxanthin production [23, 24] . Plant hormones associated with stress response mechanisms (e.g. abscisic acid, jasmonic acid, methyl jasmonate gibberellic acid, salicylic acid, or brassinosteroids) also increased astaxanthin accumulation in H. pluvialis [25] [26] [27] [28] [29] [30] . However, there is very limited information 6 about stressors inhibiting astaxanthin production. It is known that astaxanthin content decreased at high salinity (1-2%; [22] Sarada et al. 2002) , but there are almost no data (at least to our knowledge) how certain micro-contaminants (potentially occurring both in nature and in artificial cultivating systems, especially in open ponds) affect the cyst formation and valuable product accumulation.
The non-steroidal anti-inflammatory drugs (NSAIDs) can be ranked among the most common analgesic products in the world [31] . As a consequence of increasing drug consumption, these drugs appear with increasing frequency in the environment due to their partial metabolization in human and animal body and to the not fully efficient wastewater treatment methods [32] [33] [34] . Appearance of NSAIDs can be expected even in piped water, although data evince very low concentrations [34] . It is known that these organic micro-contaminants can act as stressors among aerobic photosynthetic microorganisms (cyanobacteria and eukaryotic algae), causing growth inhibition [35] [36] [37] [38] [39] [40] [41] [42] [43] , or structural changes of natural assemblages [42, 44, 45] .
According to the results of our previous work, H. pluvialis showed a moderate sensitivity to NSAIDs among eukaryotic algae [42] . Based on our previous data concerning eukaryotic algal assemblages and isolated laboratory strains [42] , a more detailed analysis of the toxicity of diclofenac, diflunisal and mefenamic acid was aimed in this study to gain a better understanding between micro-contaminants (NSAIDs) and growth, cyst formation and storage accumulation of a model organism with high economical importance. Our hypotheses were the followings: -Since concentrations of 0.1 mg ml -1 of the drugs caused serious growth inhibition [42] , we assumed that these drugs could be toxic already at lower concentrations.
-We hypothesized that NSAIDs as stress factors may induce morphological changes of flagellated vegetative cells, at least in a part of the exposition time.
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-We assumed that NSAIDs as stress factors may cause changes in pigment composition of H. pluvialis cells.
Materials and Methods

The studied NSAIDs
Diclofenac (Dic), 2-(2,6-dichloranilino)phenylacetic acid belongs to the family of arylalkanoic acids. The molecule contains a chlorinated aromatic group (xenobiotic structure), so its environmental degradation is presumably slow or incomplete [46] [47] [48] [49] [50] . It has the classic triple effects of the NSAIDs, such as anti-inflammatory, analgesic and antipyretic effects. Dic inhibits COX-2 more strongly than COX-1. Dic is largely excreted with bile and faeces [51] .
Diflunisal (Dif), 5-(2,4-difluorophenyl)salicylic acid belongs to the family of salicylic acid derivatives. It has a fluoro-phenyl structure (xenobiotic structure), suggesting slow or incomplete environmental degradation [50] . Dif effectively reduces pain, swelling and joint stiffness caused by arthritis. In addition, it also has antipyretic effects [52] .
Mefenamic acid (Mef), 2-[(2,3-dimetylphenyl)amino]-benzoic acid belongs to the family of antranylic acid derivatives. The molecule has a biphenyl-amine structure (xenobiotic structure), which likely makes its environmental degradation slow or incomplete [53] . Mef is mainly used to treat mild to moderate pain and acute inflammatory diseases [54] . The freeze-dried sample (0.5 g) was sonicated in 15 ml methanol : acetone 3:7 v/v% mixture for 5 minutes, and it was let to stand for an hour. After decantation the same extraction procedure was repeated for four times. The extracts were combined and the solvent was evaporated. The crude extract was subjected to HPLC-DAD investigation.
The HPLC analyses were performed with a Dionex Ultimate 3000 HPLC System with 
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Carotenoids were identified on the basis of their UV-VIS spectra, retention times in HPLC [56] , and co-chromatography with authentic samples from our collection.
Instrumental analysis of pigment content changes
On the 28 th day of the exposition, cultures were collected by centrifugation (Beckman Avanti J-25 centrifuge, 6000× g, 10 min), supernatants were removed and pellets were freeze dried (Christ Alpha 1-2 LD plus lyophilizer) stored at -20°C until further processing. Pellets were resuspended in 2 ml of dimethyl sulfoxide (DMSO) and extracted for 30 min at 24°C in the dark [57] . After the extraction period, samples were centrifuged (16,200 × g, 5 min, 24 °C, Heraeus Fresco 17 centrifuge), and supernatants were removed. The pellets were resuspended in 2 ml fresh DMSO, and the extraction was repeated, altogether 4 extraction cycles were
implemented. Spectra of all extracts were recorded (350-700 nm, Hach Lange DR 6000 UV/VIS spectrophotometer), pigment contents were identified according to the following equations:
Chlorophyll-a=12.47A 660.6 −3.62A 649.1
Chlorophyll-b=25.06A 649.1 −6.5A 660.6 Carotenoids= ( The DMSO extracts of the 28-day-old biomasses were used for further analysis of primary carotenoids. The extracts were treated according to the method described by Du et al. [61] with modifications: 375 µl diethyl-ether and 375 µl aliquots of the samples (DMSO extracts)
were added to 625 µl saturated sodium-chloride solution. The mixtures were vigorously 
Thin layer chromatography
The DMSO extracts of the 28-day-old biomasses were used for thin layer chromatographic analysis. The extracts were treated also based on the method described by Du et al. The plates were photographed and the images were analyzed by CpAtlas 2.0. The proportions of the different pigments were given as percentage of total peak area.
Statistical analyses
All experiments were done in triplicate. Analysis of covariance (one way ANCOVA; [64, 65] ) was used to show differences among the tendencies of cell number changes. The results of spectrophotometric analysis and thin layer chromatography were compared by analysis of variance (one way ANOVA) with Tukey's post-hoc test as multiple comparison test. For statistical analyses the PAST software was used [65] .
Results and discussion
Growth and morphological changes of the cultures
The buffer used for the dissolution of the NSAIDs slightly inhibited the growth of the green alga Haematococcus pluvialis compared to control, but this inhibition was non-significant, cyst number changes in buffer treated cultures also did not differ significantly from control ( Fig. 1) . In contrast, the growth was significantly inhibited in all NSAID treated cultures compared to control and buffer treated cultures (Fig. 1) . The growth of the vegetative cells in culture treated with 0.075 and 0.1 mg ml -1 Dic was significantly inhibited compared also to the two other Dic concentrations (p<0.05; Fig. 1a ). The number of cysts increased significantly (p<0.05) in Dic treated cultures compared to control and buffer treated cultures, but cyst number changes of the Dic treatments did not differed significantly from each other (Fig. 1b) . The growth of the cultures treated with Dif also differed significantly from that of control and buffer treated cultures (Fig. 1c) . The number of cysts increased significantly compared to control and buffer treated cultures only from 0.05 mg ml -1 Dif (Fig. 1d) 50 data, Dic was the most toxic after 4, 7 and also 14 days on the basis of vegetative cell numbers (Table 1) . However, Dif and Mef were less toxic in the first week, but EC 50 values became more similar after 14 days of exposure (Table 1) .
Our first hypothesis was that the drugs could be toxic already in lower concentrations than 0.1 mg ml -1 used in our previous study [42] . The results confirmed this hypothesis, since already 0.025 mg ml -1 NSAID concentrations inhibited growth significantly.
Dic is one of the most studied NSAID in relation of acute toxicity on eukaryotic algae.
Comparing our results with literature data, the used H. pluvialis strain was more sensitive to Dic than the closely related Dunaliella tertiolecta [40] , or the non-motile green alga
Desmodesmus subspicatus [36, 37] , but showed less sensitivity than an other non-motile green [42] . EC 50 values calculated on the basis of vegetative cell numbers shows that Mef was the less toxic in the first half of the exposition time, but in the contrary, this drug proved to have comparable toxicity to the others after 14 days of exposure.
The reason of this phenomenon is that Mef inhibited the growth of vegetative cells as well as cyst formation within the firs two weeks.
As it can be seen from growth data, number of cysts increased also in control culture: a tenfold increase occurred to the 7 th day and a further twofold increase of this amount was observed to the 14 th day (Fig 1) . However, even with these increases, proportion of cysts was only 24% of total cell number on the 14 th day, reddish pigmentation appeared only on the 7 th 15 day (Fig. A1a) . Cell type changes occurred very similarly in the buffer treated culture (Fig.   A1b ). Almost all cells turned into cysts in induced culture to the 7 th day, but reddish pigmentation (green-red cysts and red cysts; GRC, RC) appeared only in low proportion (2.4%) at this time. This low amount of GRC and GC increased during the extended exposition, proportion of GRC was above 70%, and RC exceeded 9% in induced cultures on the 28 th day (Fig. A1c) . Proportion of cysts increased, but they mostly remained green in NSAID treated cultures throughout the extended experiments (Fig. A2-A4 ). Reddish pigmentation appeared only from the 14 th day, proportion of GRC decreased with increasing Dif concentration, and almost no reddish pigmentation was detected in Dic and Mef treated cultures ( Fig. A2-A4 ).
We 
Qualitative characterisation of mature cyst's pigment composition
Qualitative characterization of carotenoid profile of mature cysts was carried out from the dried biomass of three-month-old culture containing red cysts above 95%. The analysis showed that the main red carotenoid in the mature cyst of the investigated H. pluvialis strain was astaxanthin, which was present mainly as monoesthers (38% of all separated peaks on the basis of peak area, Fig 2, Table 2 ). Astaxanthin was also present as diesthers (10%), and as free astaxanthin (2%; Fig 2, Table 2 ). Other pigments in relevant amounts were β-carotene, lutein, canthaxanthin and echinenone (17; ~7; ~5 and ~3% of all separated peaks on the basis of peak area, respectively) and (9Z)-β-carotene was also detectable (1.2%; Fig 2; 
Analysis of pigment content
Spectrophotometric analysis of biomasses collected on the 28 th day of the extended experiment showed that old cysts and induced cultures contained significantly (p<0.001)
higher amount of carotenoids than control (Fig. 3) . Carotenoid content in treated cultures decreased with the increase of drug concentration, cultures treated with 0.05-0.1 μg ml -1 NSAID contained significantly (p<0.05) lower amount of carotenoids than control (Fig. 3 ).
Chlorophyll-a and -b (Chl-a, -b) content of the cultures showed a different picture: amounts of
Chl-a and -b were similar in control, induced, and buffer treated cultures and in old cysts, while Dic and Mef treated cultures could be characterized with increasing levels of both Chla and -b with the increasing NSAID concentrations (Fig. 3) . In contrast, Chl content of Dif treated cultures did not differ significantly from that of control (Fig. 3) . Further analysis of carotenoid composition showed, that the main primary carotenoids of the investigated H.
pluvialis strain are lutein, β-carotene, violaxanthin, neoxanthin and zeaxanthin (data not shown). These findings are in accordance with literature data, [73] also found these primary carotenoid pigments mainly characteristic to H. pluvialis. Amounts of the two main primary carotenoids, lutein and β-carotene were lower in cultures, which accumulated astaxanthin (old cysts, induced, control and buffer treated cultures), and were higher in cultures treated with NSAIDs (Table A1) .
Thin layer chromatographic characteristics of free astaxanthin standard were well comparable with literature data: Rf value in this study was 0.2 (Rf reported by Du et al. [61] : 0.21).
Altogether eight peaks could be separated during the analysis of the TLC plate. On the basis of color, location on the thin layer, and qualitative analysis of the carotenoid content of the mature cysts (see section 3.2.), peaks 1-3 were identified as chlorophylls and free astaxanthin (the latter could not be clearly separated by CpAtlas), peaks 4-7 were identified as asthaxanthin mono-and diesthers and peak 8 was identified as β-carotene (Fig. 4a ).
Compared to control and buffer treatment, the proportion of astaxanthin esters significantly decreased with the increasing drug concentration in all cases of NSAIDs (p<0.001; Fig. 4b ).
The decrease was the most pronounced in the case of Dic, since at 0.075 and 0.1 mg ml -1 concentrations no astaxanthin were detected (Fig. 4b) . Dif caused the lowest decrease in astaxanthin content (Fig. 4b) . Mef caused significant decrease in astaxanthin content from 0.05 mg ml -1 concentration compared to control and buffer treatment, but red pigments were present even at the highest Mef concentration (Fig. 4b ).
Instrumental and TLC analyses both proved that NSAIDs inhibit secondary carotenoid accumulation. TLC analysis also proved that pigment composition of three-month-old red mature cysts and induced cultures are very similar. On the bases of these results it can be concluded that our third hypothesis, according to which NSAIDs as stress factors may cause changes in pigment composition of H. pluvialis cells, was also proved. Presence of NSAIDs (especially Dic and Mef) led to the lack of carotenoid accumulation, mainly the synthesis of astaxanthin was inhibited. According to our knowledge, these are the first results of the effects of NSAIDs on resting stage and storage accumulation in algal life cycle. In the present state of knowledge, NSAID toxicity on microorganisms could be connected to their membrane damaging effects due to weak water solubility and related lipophility [34, 45, 74] .
One possible explanation to the observed effects could be that the first part of astaxanthin synthesis (production of β-carotene from isopentenylpyrophosphate precursors) is linked to chloroplast membranes [10] , so membrane damage could be a reason of low astaxanthin content in NSAID treated cultures. However, higher chlorophyll, lutein and β-carotene levels in NSAID treated cultures do not support exclusively this explanation.
It is well known that NSAIDs reversibly or irreversibly inhibit the operation of one or both isoforms of cyclooxygenase enzymes (COX-1, COX-2) in target organisms (in animals and humans) [75] . The conversion of β-carotene to astaxanthin in H. pluvialis (and in other producers) requires introduction of two hydroxyl groups (in the positions 3 and 3') and two keto-groups (in the positions 4 and 4'; Table 2 ) [17] . Lemoine and Schoefs [10] suggest that the metabolic pathway to astaxanthin is via conversion of β-carotene to echinenone and than to canthaxanthin by 4,4'-ketolase (carotenoid 4,4'-oxygenase), followed by hydroxylation to adonirubin and finally to astaxanthin by 3,3'-hydroxylase (β-carotene 3,3'-monooxygenase) [10] . Interaction of NSAIDs with these involved oxygenases could be an other possible explanation for the lack of astaxanthin accumulation. The two main primary carotenoids, lutein and β-carotene biosynthetically originate from lycopene via δ-and α-carotene for the former and via γ-carotene for the latter [4] . β-carotene is a precursor for astaxanthin synthesis [4;10]. In the case of astaxanthin accumulation, the pathway must be shifted towards β-carotene synthesis, which explains the lower amount of lutein in astaxanthin accumulating cultures. The further metabolism of β-carotene to astaxanthin explains the lower amounts of this pigment in the same cultures. As it was already discussed above, astaxanthin accumulation may provide a potent sink for the products of photosynthesis that cannot be utilized for cell growth and division under stress [17] . If astaxanthin synthesis is blocked, alternative pathways or accumulation of precursors can come to view: shifting of lycopene metabolism toward lutein synthesis results increased lutein level, and/or may cause the accumulation of β-carotene. Higher amounts of lutein and β-carotene in NSAID treated cultures can be explained with these processes. However, exact explanation absolutely requires further studies.
The elevated chlorophyll content in NSAID treated cultures at the end of the extended exposure (at the 28 th day) was an unexpected phenomenon. Chlorophyll content of microalgal cells could be increased mainly by low light intensity [76] [77] [78] [79] , and can be interpreted as shade-adaptation [80] . Although cysts tend to sink to the bottom, which could lead to reduced light availability, the lack of increase in chlorophyll content of all other cultures than NSAID treated ones excludes likely this explanation. Another, but rather speculative explanation of chlorophyll content increases in NSAID treated cultures could be the following: As it was mentioned above, astaxanthin accumulation may provide a potent sink for the products of . Increased amount of chlorophylls in NSAID treated cultures also suggests some more specific effects of these drugs than an average membrane damaging effect, since many enzymes involved in chlorophyll synthesis are also bound to in chloroplast membranes [81] .
Exact explanation of these phenomena definitely requires further investigations.
Conclusions
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